Object. Cavernous sinus (CS) invasion is the most important preoperative predictor of remission in the surgical treatment of growth hormone-producing pituitary adenomas. The purpose of this study was to evaluate the effectiveness of an aggressive technique for removal of tumors invading the CS in patients with acromegaly.
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T ranssphenoidal surgery (TSS) is the first-line treatment for growth hormone (GH)-producing pituitary adenomas in patients with acromegaly. With recent refinements in surgical instruments and techniques, surgical results are improving, and in approximately 70% of patients there is a chance of achieving biochemical remission after a single TSS performed by an experienced surgeon. Regardless of whether a microscope or endoscope is used, serum GH levels and cavernous sinus (CS) invasion of the tumor are the most significant preoperative predictors of remission. 7, 8, 13, 15, 17 Cavernous sinus invasion restricts safe and complete adenoma removal during TSS. However, identification of invasion is difficult on preoperative MRI and even during surgery in some cases. 2, 4, 5, 10, 12, 14, 18 The definition of CS invasion is therefore uncertain, resulting in a relatively wide range of reported frequencies. The grading system proposed by Knosp et al. 10 for evaluating parasellar (lateral) extension of the tumor has been widely used to evaluate CS invasion on preoperative MRI. The grading system has also been reported to correlate with surgical outcomes in GH-producing adenomas. We have been performing an aggressive resection of GH-producing adenomas for more than 20 years. 17 Recently, adenomas invading the CS have been directly removed by wide excision of the medial wall of the CS. 15 In this study, we evaluated the relationships among preoperative Knosp grade, intraoperative findings, histological findings, and surgical outcomes.
Aggressive transsphenoidal resection of tumors invading the cavernous sinus in patients with acromegaly: predictive factors, strategies, and outcomes
Methods

Patients
We retrospectively reviewed data obtained in 150 consecutive patients with acromegaly who underwent primary TSS for removal of a GH-producing adenoma in 2011 and 2012, which included 28.7% (150 of 522) of all adenomas removed by TSS during this period at Toranomon Hospital. The patients included 77 men and 73 women whose mean age was 47 years (range 7-76 years, median 46 years). Fifty-six patients (37.3%) received preoperative octreotide treatment. The mean follow-up period was 22 months (range 11-34 months, median 22 months). After receiving informed consent from patients, in accordance with the requirement of the Clinical Research Ethics Committee of Toranomon Hospital, tumor samples were collected and evaluated.
Magnetic Resonance Imaging and Endocrine Investigations
Preoperative contrast-enhanced MRI (1.5 or 3.0 T) was performed in all patients, and the coronal imaging features were evaluated using the Knosp grading system. 10 The lesions consisted of 17 microadenomas and 133 macroadenomas. The mean maximum tumor diameter was 17.8 mm (range 6.0-55.6 mm, median 15.5 mm). Endocrinological examinations were performed in all patients before surgery, at 1 week after surgery, and at several months after surgery. The mean preoperative serum GH level was 29.0 ng/ml (range 1.3-541.4 ng/ml, median 12.7 ng/ml), the insulin-like growth factor-I (IGF-I) level was 679 ng/ml (range 241-1480 ng/ml, median 631 ng/ ml), and the IGF-I standard deviation (SD) score was 7.2 (range 2.8-14.4, median 7.0). Endocrinological outcomes were assessed according to the current consensus criteria for acromegaly: a nadir serum GH level of < 0.4 ng/ml after an oral glucose load, and subsequent normal sex-and age-adjusted IGF-I levels.
Definition and Classification of CS Invasion
We simply classified as CS invasion cases in which the CS was partially or totally involved by the tumor, as seen under direct vision during surgery. When only the medial wall of the CS seemed to be infiltrated by tumor, however, it was difficult to judge by observation alone. In this situation, we always sharply excised the medial wall and submitted a specimen for histological examination (Fig. 1) .
Cavernous sinus invasion was classified into 1 of 2 types: partial invasion or diffuse invasion. The medial wall and partial medial and/or dorsal CS compartments are invaded by the tumor in the former type, whereas the tumor extends into the ventral and lateral CS compartments in the latter type. The tract of CS invasion through the medial wall was roughly classified into 1 of 3 corridors: medial, lateral, or both. [1] [2] [3] The corridor medial to the intracavernous carotid artery is formed by the C-shaped segment of the carotid artery. The corridor lateral to the intracavernous carotid artery is demarcated by the carotid artery posteriorly, the vidian nerve inferiorly, and the medial pterygoid process anteriorly.
Surgical Approach According to CS Invasion
Transsphenoidal surgery was performed via an endonasal transseptal route. The approach was chosen according to the type of CS invasion. In cases of partial CS invasion, the medial approach was used. The sellar bone was removed according to the tumor extension, but bone covering the anterior surface of the CS was removed as needed to directly expose the medial CS wall. The sellar component of the tumor was typically removed using a microsurgical dissection technique, and the tumor was dissected from the medial wall of the CS, while carefully checking for infiltration into the wall, especially in cases in which preoperative MRI showed contact between the tumor and the medial wall. The medial wall was opened sharply, dissected, and excised along with any tumor infiltrating the wall and any portion partially protruding into the CS. If the tumor invaded the dorsal CS space beneath the genu of the carotid artery, an angled endoscope (30° and 70°) was used to visualize the tumor. During these procedures, there was usually profuse bleeding from the CS, which was easily controlled using Gelfoam (Pfizer). In achieving these fine surgical maneuvers, as well as effective control of massive venous hemorrhage, we found that microscopic techniques were superior to endoscopic techniques.
For tumors extending into the ventral and lateral CS compartments (that is, a diffuse invasion type, mainly corresponding to Knosp Grade 4 tumors), the lateral approach was used mainly by endoscopic surgery. A partial middle turbinectomy and/or a posterior ethmoidectomy was performed when the lateral CS required a wide exposure. The dural incision was widely extended to the lateral CS tailored to the tumor. Removal of tumor invading the medial, ventral, and lateral compartments resulted in exposure of the carotid artery, which could be partly mobilized. In these patients, venous bleeding from the surrounding CS was not as profuse as in patients with partial invasion and could easily be controlled using gelatin foam. A surgical navigation system (StealthStation, Medtronic), eye movement-monitoring device, and mini-Doppler ultrasound were used to achieve safe and maximum removal of tumors with CS invasion.
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Histological Examinations
All excised adenomas underwent routine histological and immunohistochemical examination. In some cases, the medial wall of the CS and the adjacent dura were also submitted for the examination. The avidin-biotin-peroxidase complex technique was used for immunohistochemistry. The primary antisera used were polyclonal antisera to GH (1:2000; Dako, A0570) and Ki 67, and clone MIB-1 (1:75; Dako, M7240).
Statistical Analysis
Statistical analyses were performed using the nonparametric chi-square test and the Mann-Whitney U-test. A multiple logistic regression model yielding odds ratios and 95% confidence intervals was used to identify predictors of remission using SPSS software (SPSS version 21).
Results
Tumor invasion into the CS was observed during surgery in 55 cases (36.7%). In 3 patients, the tumor had invaded both sides of the CS. Definite CS invasion was observed under direct vision in 41 cases (74.5%) (Fig. 2) , including 4 Knosp Grade 4 tumors. Invasion of adenoma within the CS was histologically confirmed in 27 cases. In addition, histological examination showed invasion of the medial wall in 16 (88.9%) of 18 samples (Fig. 3) . Since histological evidence of both CS and CS medial wall invasion was found in 4 cases, CS invasion was histologically verified in 39 cases (70.9%). Furthermore, invasion of the adjacent dura was histologically observed in 27 of 34 samples. Cavernous sinus invasion was significantly more common in patients with larger tumors (p = 0.0175) and higher preoperative serum GH levels (p = 0.0321) but was not correlated with age, sex, serum IGF-I level, or IGF-I SD score. Cavernous sinus invasion was more frequent in tumors with an advanced Knosp grade (Table 1) (Figs. 2 and 3) . Tumor invaded the CS mainly through the medial corridor in 38 cases, through the lateral corridor in 11 cases, and through both in 9 cases. The 9 tumors affecting both corridors were Knosp Grade 2, 3, or 4, and the 11 tumors affecting only the lateral corridor were Knosp Grade 0, 1, or 2.
Among the 56 patients (37.3%) who underwent preoperative octreotide treatment, a significant decrease in tumor size (> 20%) was observed in 27 cases (48.2%). However, the Knosp grade did not change in any of these patients.
Biochemical remission was achieved in 127 (84.7%) of 150 patients. The remission rate was significantly lower in patients with GH-producing adenomas that invaded the Table 2 ). The remission rate was negatively correlated with the Knosp grade (Table 3) , with a remission rate of approximately 90% in patients with Knosp Grade 0 to 2 tumors, 68.2% (15 of 22) in patients with Grade 3 tumors, and no remission in patients with Grade 4 tumors. Remission was also less frequent in patients with larger tumors (p = 0.0001) and higher preoperative GH levels (p = 0.0032). Remission was achieved in all 17 microadenomas and in 110 (82.7%) of 133 macroadenomas (not statistically significant). The surgical outcome was not correlated with age, sex, preoperative IGF-I level, or the IGF-I SD score. In a multiple logistic regression, the odds ratio for CS invasion to non-CS invasion was 7.125 (95% CI 2.344-21.659, p = 0.001) after adjustment for GH level and tumor diameter (Table 4) .
Using the previous remission criteria (nadir GH < 1.0 ng/ml after an oral glucose load), the overall remission rate was 87.3% (131 of 150), with remission achieved in 74.5% (41 of 55) of patients with CS invasion and 94.7% (90 of 95) of patients without CS invasion (Table 2) . Using the previous criteria as opposed to the current criteria, 4 additional patients would be classified as having achieved remission, including 1 patient with a Grade 4 tumor.
The mean MIB-1 index of the tumor was 1.1% ± 1.2% (range 0.1%-7.5%, median 1.0%), with no significant difference between adenomas with and without CS invasion (1.3% ± 1.4% vs 1.0% ± 1.0%). The MIB-1 index was not correlated with the preoperative GH level, IGF-I level, IGF-I SD score, or tumor size.
No major complications occurred in this series. The total volume of intraoperative blood loss (including CSF) was significantly larger in patients with CS invasion than in patients without invasion (436 ± 323 ml vs 220 ± 179 ml, p < 0.0001). No patients required blood transfusion. One patient who underwent complete removal of a Grade 3 tumor that invaded the CS developed transient abducent nerve paralysis, which fully resolved after 3 months. No other complication related to the intra-CS procedure developed after surgery.
Surgical remission was not achieved in 23 patients (15.3%). During the mean follow-up of 22 months, 8 of these patients underwent periodic endocrine assessments without further treatment because their IGF-I levels remained normal, and 14 achieved remission by treatment with long-acting octreotide (n = 4), cabergoline (n = 4), pasireotide (n = 1), pegvisomant (n = 1), or combined stereotactic radiotherapy and pharmacological treatment (n = 4). The remaining patient has not achieved remission and is undergoing a change from cabergoline to longacting octreotide.
Discussion
The lateral surface of the pituitary gland is not constant and has variable features that may include tonguelike lateral protrusion of the pituitary and medial indentation by the intracavernous carotid artery. 4, 14, 18 The thin medial wall of the CS and the variability in the shape, size, and distribution of the venous plexus make it difficult to identify adenoma invasion of the CS on MRI. Despite efforts to predict CS invasion on MRI, confirmation of invasion still requires surgical examination.
4,5,10,14
In addition, the rate of CS invasion may vary between intraoperative visual inspection and histological examination, 8 which may explain the different frequencies of CS invasion reported among studies. Furthermore, Dickerman and Oldfield 5 have claimed the clinical importance of occult dural invasion-that is, invasion of the dura or CS that is not evident on imaging studies and is not obvious to the surgeon-as the basis of recurrence or persistent tumor and endocrinopathy in their series on Cushing's disease. Since it was difficult to assess invasion by observation when only the medial wall was involved, we always sharply excised the medial wall to verify "occult invasion" histologically. This may be the reason why the frequency of CS invasion in the present study was higher than previously estimated. Cavernous sinus invasion was even found in 14.4% of Knosp Grade 0 or 1 tumors, which were previously considered to be rarely associated with invasion.
10 Moreover, our current strict assessment in each case clearly indicated that CS invasion cannot always be predicted by preoperative MRI findings alone.
5
The authors of several clinicopathological studies used biological markers such as MIB-1 and p53 to assess tumor invasiveness. However, the usefulness of the MIB-1 index for differentiating between adenomas with CS invasion and those without CS invasion appears controversial. We found no correlation between the MIB-1 index and CS invasion in either the present study or our previous studies of nonfunctioning adenomas, 11,16 but we did find that CS invasion was more frequent in cases involving larger tumors. Anatomical and biochemical weakness of the medial wall has been reported to contribute to CS invasion. 12, 18 Because the superior part of the medial wall is weaker than the thicker inferior part close to the carotid artery, adenomas tend to extend into the CS through the medial corridor and exhibit a mediodorsal growth pattern. 2, 3, 9 Adenomas that extend into the CS through the lateral corridor and that show a ventrolateral growth pattern are less common. This pattern was confirmed in the present study. Both corridors were affected in 9 cases in which the tumors were Knosp Grade 2-4, whereas in the 11 tumors extending only through the lateral corridor the lesions were all Knosp Grade 0-2. The latter group contributed to the discrepancy between the Knosp grade and CS invasion.
The medial approach is adequate for partial invasion-type tumors that have minor and limited invasion of the medial or dorsal compartment of the CS. 2, 3, 6, 9 At our institute, the medial wall of the CS is sharply excised if CS invasion is suspected. This approach avoids missing tumor invasion, thereby improving endocrinological outcomes. We also believe that CS invasion can be reliably confirmed only by excision of the medial wall. Venous bleeding from the CS is usually more severe when invasion is partial rather than diffuse. The lateral approach is required for the diffuse invasion type including Knosp Grade 4 tumors. 2, 3, 6, 9 This approach is considered to be more invasive than the medial approach and carries a higher risk of cranial nerve injuries. We prefer to use endoscopic TSS for the lateral approach because the lateral CS is more easily accessible using an endoscope via a middle turbinectomy and/or posterior ethmoidectomy.
Management of massive venous hemorrhage from the CS is one of the most important issues in CS surgery. Control of bleeding and good visualization of the surgical field are necessary for effective and safe removal of an invasive tumor. In our view, microscopic techniques are superior to endoscopic techniques when meticulous maneuvers, including excision of the medial wall while controlling massive venous hemorrhage, are required. Other important issues include identification of the carotid artery and monitoring of the cranial nerves. In addition to proper use of the endoscope and microscope, mini-Doppler ultrasound, surgical navigation system, and an eye movement-monitoring device are considered indispensable for successful and safe removal of adenomas with CS invasion. 9, 15 In the present series of 150 consecutive patients with acromegaly, the overall remission rate was 84.7%. Although CS invasion was associated with a significantly lower rate of remission, remission was achieved in nearly 70% of patients with CS invasion. These rates are higher than those reported in other surgical series in which the current consensus criteria were applied. 7, 8, 13 By multivariate analysis, we also demonstrated that CS invasion is the Table 2 for definitions of criteria. most significant, independent factor affecting surgical results, not only in primary surgery but also in secondary surgery. 15 This indicates that improvements in surgical removal of tumor invading the CS would greatly contribute to increase the overall surgical remission rate in acromegaly. We believe that our aggressive approach to removing tumors invading the CS did contribute to our current high remission rate.
In addition to refinements in surgical instruments and techniques, advances in pharmacological treatments and stereotactic radiotherapy techniques are contributing to improvements in outcomes of patients with GHproducing adenomas. Cavernous sinus invasion has been considered to be a major limitation of successful surgical removal of GH-producing adenomas. At present, the likelihood that Knosp Grade 4 tumors can be completely removed is low. However, many GH-producing adenomas with mild to moderate CS invasion can be safely and completely resected. Because we incise the medial wall in every case when invasion was suspected, there were a few cases that we finally judged to have no invasion after further observation and histological assessments. Unless invasion can be accurately determined by imaging studies or by observation of the anatomy outside the CS, however, we believe that incision of the medial wall is necessary whenever invasion is suspected.
Conclusions
Cavernous sinus invasion was the most important, independent factor heralding an unfavorable surgical outcome. The Knosp grading system is useful for prediction of CS invasion, but confirmation requires direct observation within the CS and histological verification in some cases. The technique described in this paper for removal of GH-producing adenomas with CS invasion is highly effective, is associated with a low morbidity rate, and increases the chance of remission.
